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Highlights
 A new method, based on fraction of success, is developed to determine the boundary of the 
adsorbed phase
 Adsorbed phase of supercritical gas on a surface is confined to 1 or 2 layers above the 
surface
 Absolute adsorbed density approaches a constant at sufficiently high pressures
 Adsorbed phase is densified at high pressure and its thickness slightly decreases, akin to the 
densification of the bulk fluid
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Determination of Absolute Adsorption for Argon on Flat Surfaces 
under Sub- and Supercritical Conditions
Poomiwat Phadungbuta,b, Chunyan Fanc, D. D. Doa,*, D. Nicholsona and Chaiyot Tangsathitkulchaib
aSchool of Chemical Engineering, University of Queensland, St. Lucia, Qld 4072, Australia
bSchool of Chemical Engineering, Suranaree University of Technology, Nakhon Ratchasima, 30000, Thailand
cDepartment of Chemical Engineering, Curtin University, Perth WA 6102, Australia
Abstract
A new method, employing computer simulation, is proposed for the determination of the location of the
interface separating the adsorbed phase from the adjacent gas phase, giving a means to calculate the “absolute” 
amount adsorbed. The method involves monitoring the fraction of successful insertions of molecules into
differential volumes in the simulation box. By applying the concept of equal areas, as implemented in the 
determination of the Gibbs dividing surface, for the profile of the fraction of success versus distance, we are 
able to determine the location of the interface bounding the adsorbed phase. This allows us to find (1) the 
thickness of the adsorbed phase, (2) the absolute surface density (absolute loading) and (3) the volumetric 
density of the adsorbed phase, as functions of pressure. Knowing the absolute surface density as a function of 
pressure at different temperatures, we are able to calculate the heat of adsorption as a function of loading, using 
the Clausius-Clapeyron equation and to show that this is consistent with the heat obtained from the fluctuation 
formula in grand canonical Monte Carlo simulations.
* Corresponding author. Tel: +61-7-3365-4154; E-mail address: d.d.do@uq.edu.au
Page 4 of 20
Ac
ce
pte
d M
an
us
cri
pt
1. Introduction 
Physical adsorption of gases at supercritical temperatures under high pressures has been 
extensively studied experimentally1-9 because of its importance in many applications such as 
energy storage and sequestration of carbon dioxide.  Computer simulations under equivalent 
conditions10-14 have been made in attempts to understand their microscopic behavior better.  It 
has been suggested that high pressure adsorption at supercritical temperatures does not extend 
beyond a monolayer, and as such the storage application of energy gases is of limited 
economic value because the densified adsorbate is essentially confined to a single layer15-17.  
This implies that there are no suitable adsorbents such as carbon nanotubes or metal organic 
framework materials, which could be optimized for storage of energy under supercritical 
conditions. Application of solid adsorbents to store high energy gases requires a better 
understanding, at the microscopic level, of the mechanism of adsorption at supercritical 
temperatures, although some reservations have been put forward about the use of adsorption 
for energy storage18.
There are three different descriptions of adsorbed amount: excess, net and absolute
adsorption.  The excess adsorbed amount is the difference between the total amount in the 
system and the amount in an apparent void space (to be defined below), at the same density 
as the bulk gas density.  The choice of this void space leads to three definitions of adsorbed 
amount:
1. The helium void volume is measured by the expansion of helium, which is assumed to 
be non-adsorbed, into the void space.  Since helium, despite its low polarizability,
does actually adsorb, the helium void volume measured in this way is always greater 
than the actual physical void volume that an adsorbate molecule can access.  As a 
result the excess amount can be negative; for example see Malbrunot et al.19, 20. A 
better choice for the apparent volume is the accessible volume, which is defined as the 
volume in which the solid-fluid potential is non-positive11, 21 since the excess density 
gives a good measure of how dense the adsorbed phase is, relative to the surrounding 
bulk gas. 
2. When apparent volume is taken as the volume of the system, including the solid 
volume, the result is called the net adsorption22-24.  This can also lead to a negative 
amount adsorbed, and the density does not reflect the density of the actual adsorbed 
phase.
Page 5 of 20
Ac
ce
pte
d M
an
us
cri
pt
3. When the apparent volume is defined as the volume occupied by the surrounding gas, 
the adsorbed amount is an absolute quantity and therefore it is amenable to 
thermodynamic treatment. However this raises the problem of how to determine the 
boundary that demarcates the adsorbate phase from the surrounding gas.  The search 
for a solution to this problem is the objective of this paper.
Many methods have been proposed to determine the absolute adsorbed amount from
experimental excess isotherms, which always exhibit a maximum including: the linearization
method1, 25, 26, the density functional theory via adsorbed volume mapping (AVM)27,
buoyancy-mediated (BM)28 methods, a modified Dubinin-Astakhov model29, the potential 
theory for buoyancy effect correction30 and the fitting of excess isotherm using generalized 
adsorption isotherm equations31-33.
In this paper, we propose a novel procedure to calculate the absolute adsorbed amount by 
determining the boundaries of the adsorbed phase.  The basic concept is to use the fraction of 
success for the insertion of molecules into the adsorbate in grand canonical Monte Carlo 
simulations of adsorption. Once the boundaries of the adsorbed phase have been determined, 
the thickness of the adsorbed phase, the absolute surface density and the volumetric adsorbed 
density can also be found.  The volumetric adsorbed density is a gauge of how dense the 
adsorbed phase is, and is particularly useful in the assessment of supercritical adsorption.  We 
will demonstrate our new method with argon adsorption on a graphite surface under 
subcritical and supercritical conditions.
2. Theory
2.1 Fluid-Fluid and Solid-Fluid Potentials
Argon was modelled as a spherical molecule, and the intermolecular interaction energy was 
calculated by the 12-6 Lennard-Jones equation, with a collision diameter ff = 0.3405nm and 
a reduced well-depth of ff/kB =119.8K.  For the adsorbent, we used a graphitic slit pore, with 
walls composed of graphene layers with an atomic surface density of 38.2nm-2. For 
modelling adsorption on an open surface, we used a pore width large enough that adsorption 
occurred on two independent surfaces over the pressure range studied. The solid-fluid 
potential was calculated from the Steele 10-4-3 potential equation34, with the molecular 
parameters for a carbon atom in the graphene layer: ss = 0.34nm and ss/kB = 28K.  The 
cross-collision diameter and the well-depth for the adsorbate-adsorbent pair were calculated 
by the Lorentz-Berthelot mixing rule.
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2.2 Grand Canonical Monte Carlo (GCMC) simulation
In the GCMC simulations, we used 60,000 cycles for the equilibration stage and the same 
number for the sampling stage. Each cycle consisted of 1,000 attempted displacements, 
insertions or deletions with equal probability. In the equilibration stage, the maximum 
displacement length was initially set at the half of the largest dimension of the simulation box 
and was adjusted at the end of every cycle to give an acceptance ratio of 20% for the 
displacement. For a given pressure, the chemical potential was calculated from the equation 
of state of Johnson et al.35 and was used as the input in the GCMC simulation.
2.3 Fraction of success
In order to determine the interface between the adsorbed phase and the gas-like region, we 
have developed a new method based on the concept of fraction of success (FoS) of the 
insertion attempts in the simulation. Using a similar procedure to the one developed earlier in 
the determination of accessible volume36-38, we determine the fraction of success by dividing 
the simulation box into differential bins, and recording the fraction of success for 
M attempted insertions in each bin.  This gives the fraction success as a function of position. 
For example, in bin number j, bounded by z and z z  , the fraction of success is:
   successj M zFoS z M (1)
where M  is the number of insertion attempts in that bin and Msuccess  is the number of 
successful insertions.
In the slit pores considered here, there are two flat interfaces bounding the adsorbed phase: 
(1) the one separating the adsorbed phase from the adsorbent and (2) that separating the 
adsorbed phase from the gas-like phase.
For the first boundary, we considered the system at zero loading, the fraction of success 
profile is a step function located at the position z0 where the solid-fluid potential energy is 
zero. This is simply the boundary of the accessible volume as determined in our earlier 
work39. 
At temperatures greater than 0 K, the profile of the fraction of success at the second boundary 
becomes diffuse across the interface zone, varying between zero, close to the surface, and 1.0 
in the rarefied phase (see Figure 1).  An unambiguous way of to locate this boundary is to 
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equate the excess area between zero and the fraction of success curve to the left of the 
boundary with the corresponding excess area to the right (the two shaded areas in Figure 1) in 
analogy with the procedure used to locate a Gibbs interface39, 40. The position of the 
boundary so-defined is shown as zA, in Figure 1. In terms of the two identified boundaries,
we can now determine:
1. The thickness of the adsorbed phase: A =zA –z0.
2. The volume of the adsorbed phase: VA = S  A where S is the area of the surface.
3. The number of molecules NA with centres within the adsorbed phase which can be 
counted as being adsorbed molecules. 
4. The absolute surface density: NA / S  (molecules/m
2).
5. The volumetric density of the adsorbed phase: NA / VA.
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Figure 1. The fraction of success of complete monolayer argon adsorbed on graphite and its determination of a 
planar dividing interface. The region shaded black shows the illustration of determination of the boundary, with 
the area to the left of the boundary being the same as that to the right. “FoSG” and “FoSD” stand for the fraction 
of success of bulk gas and dense phases, respectively.
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2.4 Simulation analysis
In order to obtain the local density distribution of the adsorbate in the pore, the pore space 
was divided into differential bins parallel to the surface. The axial density distribution is 
defined by:
  ( )
x y
N z
z
L L z
 

(2)
where  N z  is the ensemble average of the number of particles in the bin bounded by [z, 
z + z]. Another means of locating the boundary between the adsorbed phase and the gas-
like phase is to use the local particle number fluctuations (PNF) defined as:
        
2
N z N z N z
PNF z
N z
   

 (2)
The correlation between the PNF and the fraction of success is discussed below.
The isosteric heat of adsorption was calculated from the fluctuations of particle number and 
energy in the GCMC simulation41 and is compared with the heat calculated from the
equation:
2 ln
A
CC
st
N
P
q RT
T
    
(4)
3. Results and Discussion
We first discuss the fraction of success (FoS) results for the bulk gas phase since this will be 
used later as the reference in discussing the FoS for the adsorption system. Next, we 
determine the fraction of success of argon adsorption on a graphite surface to determine the 
properties of the adsorbed phase at temperatures ranging from subcritical to supercritical 
conditions. 
3.1 Fraction of success of the bulk phase
We performed GCMC simulation for a bulk fluid with a cubic box with periodic boundaries 
having a linear dimension of 10nm at temperatures ranging from subcritical to supercritical.  
The plots of density versus pressure and FoS against pressure are shown in Figure 2.
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Figure 2. The density and fraction of success of argon as a function of pressure at (a) subcritical and (b) 
supercritical conditions.
From Figure 2, we made the following observations:
1. At subcritical temperatures, well below the critical point (Figure 2a), the gas phase 
is rarefied, the fraction of success is very close to unity, and is linearly related to 
the gas density as shown in the inset of Figure 2.
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2. As the density is increased, the fraction of success decreases because it is more 
difficult to insert molecules in a dense system, especially at high pressures under 
supercritical conditions (Figure 2b).
3.2 Absolute argon adsorption on a plane graphite surface
The concept of fraction of success is particularly useful for adsorption on an open surface.  
Here the adsorbed volume increases with loading because of the unlimited space above the 
surface, and the method enables a clear description of how the boundary of the adsorbed 
phase shifts with pressure under sub- and super-critical conditions.  
3.2.1 Argon adsorption on graphite at subcritical conditions
The GCMC isotherms at 77 K and 87 K and their local density distribution, fraction of 
success and particle number fluctuation, are shown in Figure 3. Points A, B and C on the 87
K isotherm correspond to one, two and three statistical monolayers, respectively. We 
determined the position of the interface separating the adsorbed phase (I) and the gas-like 
phase (II) using the equal area principle applied to plots of the fraction of success versus 
distance; shown as the vertical dashed lines in the middle panel of Figure 5.  Interestingly the 
location of the interface determined from the FoS method is identical to the peak position of 
the particle number fluctuation (PNF), shown in the bottom panel of the same figure, 
suggesting that the boundary of the adsorbed phase coincides with the position where the 
mass exchange is a maximum.  
This can be explained as follows: The undulation theory proposed in our recent 
communication42, identifies two distinct regions where the local PNF is less than and greater 
than unity, respectively. The region where the fraction of success varies from zero to the FoS
of the bulk gas (which we shall call the FoS domain) coincides with the fluctuation region in 
the undulation theory, supporting our earlier conjecture that the fluctuation region is where 
molecules enter or leave the adsorbed phase.
For argon at 87 K, adsorption proceeds by molecular layering as loading is increased.  
According to our undulation theory the adsorbed region is within the boundary where the 
fraction of success is approximately zero.  For example at Point C the local density 
distribution shows 4 peaks, but only the first three are within the adsorbed region and the FoS
is close to zero outside the region of these three peaks.  The fourth peak resides in the region 
where the FoS starts to increase from zero to the FoS of the bulk gas phase and this is also the 
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region where the PNF is a maximum, suggesting that this is the region where mass exchange 
occurs between the adsorbed region and the gas phase as defined by undulation theory.
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Figure 3. Absolute adsorption isotherm of argon on graphite at 77 and 87 K (first row) and local density 
distribution, fraction of success (second row) and particle number fluctuation (third row) of 87 K. The left and 
right vertical dashed lines are the boundary of zero solid-fluid potential and the gas-adsorbed planar interface, 
respectively. The horizontal dashed lines are the fraction of success of bulk gas.
The absolute isotherm was determined using the FoS procedure; Figure 4a, shows that the 
boundary of the adsorbed phase increases linearly with loading.  Because the gas phase 
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density is very low density at subcritical temperatures, there is no difference between the 
absolute and excess isotherms shown in Figure 3. We note that the thickness of the adsorbed 
layer is equal to one argon collision diameter at the monolayer coverage.  We will show 
below that different observations are found at supercritical temperatures.
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Figure 4. (a) Thickness of adsorbed layer and (b) absolute adsorbed density of argon adsorption on graphite at 
subcritical conditions.
Figure 4b shows the volumetric density of the adsorbed phase, i.e. the ratio of the number of 
molecules in the adsorbed phase to the volume of the adsorbed phase.  A number of 
observations can be made from this plot:
1. In the sub-monolayer coverage, the volumetric density of the adsorbate increases 
linearly with loading.
2. The volumetric density of the adsorbate is higher at lower temperatures.
3. The volumetric density of the adsorbate reaches a maximum when the monolayer 
has been completed, beyond which it decreases because the density of the second 
and higher layers is lower.  At 87 K, the maximum adsorbed density is 35
kmol/m3, which is very close to the density of the bulk liquid, suggesting that 
argon is liquid-like in the monolayer at this temperature.  At 77 K, the maximum 
density is 38 kmol/m3, suggesting that the argon monolayer is solid-like at the 
lower temperature.  As loading is increased the volumetric density of the 
adsorbate increases slightly before reaching a plateau.
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3.2.2 Argon adsorption on graphite at supercritical temperatures
The potential utility of the FoS approach is brought out by the analysis of adsorption at 
supercritical temperatures where there has been much debate about how best to obtain an
absolute adsorption isotherm.
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Figure 5. Absolute and excess adsorption isotherms for argon on graphite at 298 K and the local density 
distribution and fraction of success (second column). The left and right dotted vertical lines are the boundary of 
zero solid-fluid potential and the gas-adsorbed planar interface, respectively. The dashed lines are the fraction of 
success of the bulk gas. The thick red arrow line indicates the reduction of the interface width from point B to C.
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Figure 5 shows the excess and absolute adsorption isotherms for argon adsorption on graphite 
at 298 K in the left panel, and the local density distribution and FoS versus distance from the 
surface, in the right panel.  The excess isotherm exhibits a maximum because the apparent 
gas phase density increases more rapidly than the total density at higher pressures.  On the 
other hand, the absolute isotherm increases monotonically and, perhaps the most interesting 
feature, reaches a constant value at extremely high pressures.  To our best knowledge, this 
has not been noted previously and we return to this observation below.
First we consider the local density distribution and the FoS versus distance at Points A, B and 
C, on the absolute isotherm.  Point A is where the absolute loading is far away from the 
plateau; Point B is just before reaching the plateau and Point C is on the plateau. We make 
the following observations that distinguish supercritical from sub-critical adsorption:
1. The FoS in the first layer at supercritical temperatures is not zero; this is due to the 
increase in thermal fluctuations at high temperatures.  From the computational 
standpoint it is easier to reach equilibrium at high temperatures.
2. The peaks of the FoS versus distance are commensurate with the peaks of the 
local density distribution; this means that it is easier to insert molecules in these 
regions than in the regions between the peaks where insertion is inhibited by 
overlap with molecules on either side.
3. The height of the first peak in the local density distribution increases with loading, 
indicating the densification of this layer as pressure is increased; however this 
densification is accompanied by a slight decrease in the thickness of the adsorbed 
layer and as a result, the absolute surface density reaches a constant.
4. At Points B and C, the thickness of the adsorbed layer is equivalent to no more 
than one and a half molecular diameters, and this supports the view that 
supercritical adsorption is mainly confined to about one monolayer.
To shed further light on adsorption at supercritical temperatures, it is informative to study the 
effects of increasing the temperature.  In Figure 6 we show absolute isotherms and plots of 
the absolute density of the adsorbate and the thickness of the adsorbed layer for temperatures 
ranging from 200 K to 298 K (the critical temperature of argon is 150 K).  The excess and 
absolute isotherms, shown in the left panel, have the same features as those already discussed 
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for 298 K; the only difference being the level of the plateau in the absolute isotherm, which 
increases from 14 µmol/m2 to 25 µmol/m2 as temperature decreases from 298 K to 200 K.
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Figure 6. Absolute and excess adsorption isotherm (left panel) and thickness of adsorbed layer and absolute 
adsorbed density (right panel) for argon adsorbed on graphite at supercritical temperatures. 
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As the absolute surface density is decreased at higher temperatures, the thickness of the 
adsorbed phase A is also decreased, as seen in the right panel of Figure 6; for example at 
298 K, A is 0.45 nm but is increased to 0.9 nm at 200 K (in agreement with the work of 
Murata et al. 27 who obtained 3-5 layers of Kr on graphitized carbon black at temperatures in 
the range between 253 K and 273 K; the critical temperature of krypton is 209 K), when the 
temperature is decreased to sub-critical A increases in the same manner as the adsorption 
isotherm, i.e. it diverges as pressure approaches the saturation vapour pressure.  One 
interesting feature that has apparently not been previously recognized is that A decreases
when the absolute surface density has reached the plateau.  This is a process of densification
at supercritical temperatures when pressure is extremely high, as is also observed in the bulk 
fluid, as confirmed by the continuous increase in the peak height of the first layer as pressure 
is increased (as shown in the right panel of Figure 5). It has also been noted in Figure 6 and 
Figure 2 that the volumetric adsorbed density continues to increase and approaches the liquid 
density of argon of 35 kmol/m3.
In Figure 7 the isosteric heats, calculated from the fluctuation formula in the GCMC
simulations, are compared with heats from the Clausius-Clapeyron equation using the 
absolute adsorption isotherms at different temperatures.  Good agreement between the heat 
curves confirms the physical consistency of the absolute adsorbed amount obtained from the
concept of equal areas applied to plots of fraction of success versus distance.
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Figure 7. Isosteric heat of adsorption at (a) 240 K and (b) 298 K obtained from the Clausius-Clapeyron equation 
and from the fluctuation formula.
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4. Conclusions
We have proposed a novel approach for the determination of the boundaries of the adsorbed 
phase, based on the concept of fraction of success.  We have applied the new method to 
simulation of a bulk phase and to data for the adsorption of argon on a graphite surface at 
sub- and super-critical temperatures.  
A number of interesting points arise from our consideration of supercritical adsorption; an 
area in which there has been controversy about how the absolute adsorption isotherm should
be computed.  Our conclusions from this study can be summarized as follows:
(1) The adsorbed phase is very probably confined to no more than two layers above the 
surface; for example for the argon-graphite system studied here the maximum number 
of statistical monolayers is about 1.5 at 298 K.
(2) The absolute surface density reaches a constant value at extremely high pressure, and 
this value decreases with increasing temperature.
(3) The adsorbed phase is densified as pressure is increased, and the thickness of the 
adsorbed phase is slightly decreased at extremely high pressures, such that the overall 
effect is a densification, similar to the densification of a bulk fluid under compression.
(4) The volumetric adsorbed density approaches the bulk liquid state density of 35
kmol/m3, suggesting that the limit for the process of densification of the adsorbed 
phase is a liquid-like state.
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